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Abstract 
Transport of pollutants to groundwater through geomedia is of concern to environmental engineers and scientists.  The objective 
of this study was to utilize computed tomography (CT) to evaluate chemical transport through several undisturbed geomedia core 
samples.  Linear pore velocities, dispersion coefficients, and dispersivity values were spatially determined at the downstream end 
of the core samples.  Research showed that one of eight core samples had preferential flow paths which was expected due to the 
type of material evaluated.  CT-time averaged, CT cross-sectionally averaged, and outflow methods gave average values of 
0.0789, 0.0818, and 0.140 mm/s, respectively.  The time-averaged CT method and cross-sectionally averaged CT method gave 
similar values for dispersivity (3.57 and 3.89 mm, respectively) while the outflow method gave higher values (4.98 mm).  Higher 
dispersivity values for the outflow method were attributed to additional dispersion through the column end-plate.  Future studies 
can evaluate chemical adsorption and degradation processes. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of scientific committee of Missouri University of Science and Technology. 
 
Keywords:  chemical transport; spatial analysis 
1. Introduction 
 
Prevention of groundwater degradation necessitates evaluation of chemical transport through porous media.  
Pesticides, fertilizers, antibiotics, heavy metals, and wastes often move through the vadose zone of the soil towards 
groundwater which potentially deteriorates water quality.  These concerns encourage scientists to better understand 
the processes of contaminant transport through geomedia.  Since these processes are complex, groundwater 
contamination from chemical transport through the vadose zone needs to be investigated (Onsoy et al., 2005).   
Challenges associated with vadose zone transport have led to different approaches for evaluating solute 
transport through geomedia.  Common approaches to solute transport predictions and mass transfer in space and 
time have been presented as partial differential equations which model these processes.  It is assumed that transport 
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parameters used in these models are uniform in the transport domain.  However, geomedia is usually heterogeneous 
and not homogeneous.  Thus properties can vary spatially over small and large scales (Kazemi et al., 2008). 
 
Estimating solute transport parameters needed for transport models is challenging due to the complex 
heterogeneous nature presented by the soil system.  Research previously conducted has assessed variability of solute 
transport parameters using both laboratory (Lennartz, 1999; Strock et al., 2001) and field approaches (Kazemi et al., 
2008).  Some significant parameters in transport models include pore-water velocity, the solute dispersion 
coefficient, and solute dispersivity.  The importance of macropore-scale heterogeneities affecting solute transport 
parameters was shown by Strock et al. (2001).  Macropores are defined as pores or structural cracks in porous media 
great than 1000 Pm in diameter. 
 
Estimation of solute transport parameters in geomedia in space and time on a macropore-scale is time consuming 
and laborious.  An efficient and simple invasive technique to obtain transport data on a macropore-scale is difficult 
with traditional laboratory methods.  X-ray computed tomography (CT), which has been developed as a diagnostic 
tool in medicine and used for rapid and non-destructive assessment of density inside opaque objects in three-
dimensions, has been adapted to assess density and water content in soils as well as to characterize macropores in 
terms of size and distribution in soils (Rachman et al., 2005).  Computed tomography has also been used to measure 
solute breakthrough curves in undisturbed soil cores and to characterize solute transport parameters such as solute 
dispersivity (Clausnitzer and Hopmans, 2000; Luo et al. 2010).  Other researchers have used single photon emission 
computed tomography to visualize preferential flow in soils (Perret et al., 2000) 
 
The objectives of this project were to evaluate the use of CT methods for estimating the distributions of pore-
water velocity and dispersivity at the macropore-scale for intact cores from geomedia. 
 
2. Materials and Methods 
 
Experimental Site and Geomedia Cores  The selected sampling site for the study was near Hartsburg, Missouri 
and had been under row crop management for several years (Kazemi et al., 2008).  The soils were Sarpy loamy sand 
(mixed, mesic Typic Udipsamment), which are formed under sandy alluvium and are excessively well drained. 
Particle size analysis was determined using the pipette method, and the distribution for the upper 150 mm soil 
horizon was 964 g kg-1 sand (Table 1).  Sand for this horizon was further classified as 3.6% very coarse, 4.0% 
coarse, 52.4% medium, 35.3% fine and 4.7% very fine.  The Ap soil horizon had 5.3 g kg-1 organic matter. 
Eight intact soil cores (76.2 mm diam. by 76.2 mm long) were removed from the 0.05 to 0.13 m depth spaced at 
1 m intervals.  Cores were housed in Plexiglas cylinders.  After sampling, cores were trimmed, sealed in plastic 
bags, transported to the laboratory and stored at 4o C prior to analysis.  Physical properties for each intact soil core, 
measured after scanning, are listed in Table 2. 
 
Solute Transport Parameters  The convection-dispersion equation for one-dimensional flow in a column of porous 
media is as follows:        
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where C is solute concentration (M L-3), t is transport time (T); z is distance along column from inlet (L), v is pore-
water velocity (L T-1) and D is solute dispersion coefficient (L2 T-1).  It is noted this relationship is for steady water 
flow.  The D parameter represents both molecular diffusion (Dm) as well as hydrodynamic dispersion due to mixing 
from variations in velocities on a pore scale: 
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where D  is solute dispersivity (L).  For high velocity, the hydrodynamic dispersion term dominates and molecular 
diffusion is considered negligible.  Dispersivity is estimated by 
  
v
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Transport experiments are used to measure solute breakthrough time and the dispersion coefficient in column 
samples.  An applied solute concentration (Co) is continuously injected into the upstream end of the core which is  
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Table 1.  Soil physical and chemical properties for the sampling site by horizon (with standard deviation in parentheses). 
Soil Horizon Soil Depth Sand Silt Organic C pHw 
 m g kg-1 g kg-1 g kg-1  
      
Ap     0 – 0.15 964 (50) 24 (15) 5.3 (2.2) 7.1 (0.3) 
C 0.15 – 0.30 893 (58) 84 (42) 6.2 (3.7) 7.2 (0.3) 
C 0.30 – 0.45 923 (29) 60 (24) 3.2 (3.4) 7.2 (0.2) 
 
Table 2. Physical properties of intact soil core samples. 
Soil 
Core 
Bulk 
Density 
 
Porosity 
Saturated 
Hydraulic 
Conductivity 
 g cm-3 m3 m-3 m hr-1 
    
1 1.472 0.445 0.385 
2 1.488 0.439 0.296 
3 1.481 0.441 0.150 
4 1.487 0.439 0.211 
 5 1.519 0.427 0.237 
6 1.511 0.430 0.184 
7 1.430 0.460 0.221 
8 1.537 0.420 0.103 
 
initially saturated without the solute.  Under steady flow conditions, the core water is displaced by the applied 
solution.  At the downstream end, effluent samples are collected and analyzed for solute concentration.   
Relative concentration (C/Co) versus time (t) is plotted to estimate tb defined as the time which corresponds to a 
point on the curve where C/Co = 0.5.  For a non-reactive solute in homogeneous media, the breakthrough time can 
be determined as: 
  
v
Ltb       [4] 
where L is the length of the column.  Thus, v can be estimated as v = L/tb.  
The slope of the breakthrough curve, S, can be estimated using a least-squares linear regression with relative 
concentrations between 0.20 and 0.80, and D is estimated as: 
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    [5] 
 
CT Scanning  An x-ray CT scanner with a 125 peak kVp X-ray beam was used.  Reconstruction matrix was 256 by 
256 pixels corresponding to pixels of 0.5 by 0.5 mm.  Scan time was 5 seconds at 960 projections.  Slice thickness 
was 2.0 mm.  The breakthrough apparatus consisted of a Plexiglas cylinder with reservoir assemblies attached to 
both the inlet and outlet ends.  Cylinder was 7.62 cm long by 7.62 cm diameter. 
A solution of 7.5 g L-1 potassium iodide was used for breakthrough experiments.  After saturation, the soil core 
was transported to the CT scanner and positioned in the gantry with its longitudinal axis oriented horizontally.  
When the assembly was set on the scanner table, the scanner was calibrated with the saturated soil core.  The CT 
scan plane, perpendicular to the longitudinal axis, was chosen at a position in the soil core 5 mm from the 
downstream end.  Once the scan plane was determined, the soil core was not moved during the experiment.  The 
plane was scanned three times prior to experiment initiation to provide an initial reference with zero concentration 
for each pixel.  
The upstream reservoir was flushed with a solute of 7.5 g L-1 KI, immediately prior to beginning the 
experiment.  A Mariotte bottle filled with potassium iodide solution was connected to the center connector in the 
upstream end of the assembly, and a hydraulic head of 15 cm was maintained.  A needle valve was connected to the 
other upstream connector to provide outflow during flushing.  Another needle valve was connected to the center 
downstream connector to give outflow.  A digital pump drive was used to pump the solution from the downstream 
end to the upstream end of the soil core to provide a back pressure gradient to prevent diffusion of the iodide 
solution into the soil during flushing.  The time for flushing was 2 min.  Experimental tests indicated that the 
upstream reservoir contained 99% of the applied solute after 2 minutes of flushing. 
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Once flushing was completed, the valve to the Mariotte bottle containing KI solution was closed, and the valve 
to the flush outlet port was closed.  The reverse flow tubing was clamped shut and the pump was disconnected from 
the bottle of the saturating solution.  After flushing the upstream reservoir and closing the flush drain valve, the 
pump was connected to the bottle of potassium iodide solution which was connected to the center upstream 
connector.  The pump was used to provide a constant flow rate of KI solution to the upstream reservoir for the run.  
The breakthrough experiment was initiated and cross-sectional CT scans in the designated scan plane were taken 
every 30 seconds.  The breakthrough experiments were completed after 60 minutes. 
Effluent from the downstream end was collected during the breakthrough experiment every 60 seconds.  The 
concentration of effluent samples was determined using an iodide ion selective electrode and a reference electrode 
(Anderson et al., 2003).  The resulting breakthrough curve from the effluent was used to verify the results of the CT 
breakthrough curve.  In this study, the CT-measured breakthrough curve for each pixel in a core was determined by 
a method similar to Anderson et al. (2003) and illustrated in Equations [4] and [5] along with v = L/tb.  Parameters 
determined using this method were averaged over the cross-section of the scan plane; this method was referred to as 
the cross-sectionally averaged CT imaging method (CT measurement method).  In addition, a time-averaged CT 
method was also used (CT Time method).  This method used the average of CT values as a function of time to 
breakthrough (time to reach 0.5 relative concentration).  The CT Time method took an average of the value just 
before relative concentration of 0.5, the value just after relative concentration of 0.5, and two times the value at 
relative concentration of 0.5 (C/Co = 0.5). 
 
3. Results and Discussion 
 
Solute Breakthrough Curves  Results of the breakthrough curves for the eight soil cores are illustrated in Fig. 1.  
These show both curves from the outflow method as well as from the cross-sectionally averaged CT imaging 
method.  It is apparent that most of the curves are similar except for Core 1.  Core 1 data (Fig. 1a) indicate that 
preferential transport of solute is occurring in this core as observed by the data from the outflow measurements.  
Since the outflow measurement is a flux concentration measurement, it is dominated by any preferential transport.  
This is in contrast to the CT method which is a resident concentration measurement.  Resident concentration 
measurements are not influenced as much by preferential transport. 
 
The other seven core samples show similar results.  These cores also illustrated similar data for the outflow 
measurements compared to the CT measurements.  For four of the core samples (2, 5, 6, 8; Fig. 2b, 2e, 2f, 2h) the 
outflow data rise more rapidly than the CT data.  This may be due to very slight preferential flow probably along the 
geomedia and the container wall of the sample.  These flow pathways are not being monitored as well for the CT 
method because this method averages across the core with the average value dominated by the center of the core. 
 
Pore-Water Velocity  Results of average pore-water velocity determined from the cross-sectionally averaged CT 
imaging (CT), the time-averaged CT imaging (CT Time), the outflow flux, and the solution flux methods for intact 
geomedia cores are shown in Table 3.  Average pore-water velocity was determined from the average of the pore-
water velocities determined for all of the pixels (CT method).  Since the CT image number within each pixel for 
each scan was related to iodide concentration, the breakthrough curve for each pixel in the cross-section of the intact 
core could be determined. 
 
Average velocities from the two CT methods were similar with CT Time values slightly lower (3.5%) compared 
to the CT values.  These differences were attributed to differences in the averaging methods.  High correlation 
occurred for these two methods (r=1.00).  The outflow value for Core 1 was much higher compared to the other 
cores.  This was due to the preferential transport occurring in this core sample (Fig. 1a).  Average pore-water 
velocity values for the CT Time, CT, and outflow methods gave values of 0.0789, 0.0818, and 0.140 mm/s, 
respectively. 
 
Dispersion Coefficient and Dispersivity  Results of the average dispersion coefficients and dispersivity values 
determined from outflow samples, cross-sectionally averaged CT images (CT) and time-averaged CT images (CT 
Time) for each intact geomedia core are given in Table 4.  Dispersion coefficients are similar for the CT and CT 
Time methods with CT Time method values being slightly lower (10%).  This was probably due to differences in the 
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smoothing methods:  spatially for CT and temporally for CT Time.  Values for the outflow method were all higher 
than for the CT methods.  This effect was attributed to the higher dispersion for the outflow method compared to the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Solute breakthrough curves for the eight geomedia samples: (a) Core 1, (b) Core 2, (c) Core 3, (d) Core 4, (e) Core 5, (f) Core 6, (g) 
Core 7, and (h) Core 8.  The solute breakthrough was measured using CT methods (cross-sectional mean relative CT or Mean CTR) and outflow 
measurements (C/C0). 
 
Table 3. Average pore-water velocity estimated from CT measurements, CT Time measurements, effluent breakthrough (Outflow Flux), and 
solution flux methods. 
Soil  
Core 
CT 
Measurements 
CT Time 
Measurements 
Outflow 
Flux 
Solution  
Flux 
 mm s-1 mm s-1 mm s-1 mm s-1 
     
1 0.044 0.043 0.471 0.072 
2 0.089 0.086 0.095 0.105 
3 0.093 0.090 0.098 0.095 
4 0.085 0.082 0.089 0.092 
5 0.084 0.081 0.090 0.101 
6 0.084 0.080 0.091 0.099 
7 0.088 0.085 0.089 0.088 
8 0.087 0.084 0.099 0.100 
CT methods the effluent solution experienced by moving through the downstream endplate of the flow apparatus.  
Correlation was high between the values measured by CT and outflow methods (r=0.984).  Data from Core 1 show  
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Table 4. Average dispersion coefficient (D) and dispersivity (D) estimated from CT measurements (CT), CT Time measurements (CTTime), and 
effluent breakthrough curve (OUT) methods. 
 
Soil Core 
DCT DCTTime DOUT DCT DCTTime DOUT
 mm2/s mm2/s mm2/s mm mm mm 
       
1 2.60 2.38 98.19 59.30 55.76 208.62 
2 0.367 0.322 0.603 4.10 3.74 6.38 
3 0.218 0.198 0.268 2.34 2.20 2.75 
4 0.228 0.205 0.295 2.69 2.50 3.34 
5 0.202 0.180 0.387 2.42 2.29 4.30 
6 0.320 0.250 0.483 3.84 3.11 5.32 
7 0.362 0.345 0.378 4.08 4.05 4.22 
8 0.673 0.597 0.843 7.74 7.12 8.57 
 
substantially higher dispersion due to the shape of the breakthrough curve (Fig. 1a).  Excluding Core 1, average 
dispersion coefficients for the three methods were 0.300, 0.339, and 0.465 mm2/s for the CT Time, CT, and Outflow 
methods, respectively. 
 
Resembling the dispersion coefficient data, dispersivity values were similar for the cross-sectionally averaged 
CT images and the time-averaged CT images.  The CT Time-measured dispersivity values were lower than for the 
CT-measured values (between 7 to 8%).  Dispersivity values estimated from the outflow data were higher compared 
to the CT methods (about three times higher including Core 1).  Excluding Core 1, average dispersivity values for 
the three methods were 3.57, 3.89, and 4.98 mm, respectively. 
 
4. Conclusions 
 
CT-measured breakthrough curve experiments were conducted using eight intact cores at a 0.5-mm resolution 
scale to estimate solute velocity, dispersion coefficient, and dispersivity values, three critical parameters for 
predicting contaminant transport.  The time-averaged CT method and cross-sectionally averaged CT method gave 
similar values for dispersivity (3.57 and 3.89 mm, respectively) while the outflow method gave higher values (4.98 
mm).  Higher dispersivity values for the outflow method were attributed to additional dispersion through the column 
end-plate.  This study illustrates that computed tomography is a useful technique to estimate solute transport for 
porous materials.  Transport parameters estimated using these techniques can be quantified for selected geomedia 
and used in larger scale models with computational intelligence techniques for evaluating hazardous contaminant 
and pathogen transport as affected by geomedia.  Potential applications can utilize spatial image evaluation 
techniques to assess geomedia solute parameter differences and how these differences affect transport. 
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